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Exchange bias and blocking temperature distribution of Fe-film/CoO-nanoparticle hybrid bilayers We fabricated and characterized Fe-film/CoO-nanoparticle hybrid bilayers and studied their temperature-dependent magnetic properties. The magnetic nanoparticles are uncoupled or weakly coupled in the particle films, which essentially resemble the antiferromagnetic grains in the deposited thin films. The size and size distribution of the nanoparticles can be well-controlled by chemical synthesis prior to assembling, providing additional route for engineering the antiferromagnetic layer in exchange-bias systems. Using cycled annealing-cooling measurements, we observed a unimodal blocking-temperature distribution in our samples that is a reflection of the intrinsic antiferromagnetic monodisperse "grain" size distribution. The absence of the lowtemperature contribution is likely attributed to both the fabrication process and the nanoparticle morphology. The ferromagnetic (F)/antiferromagnetic (AF) interaction leading to the exchange bias (EB) effect, 1 is central to the design and operation of practical spintronics devices. The EB effect manifests itself as a unidirectional pinning of the F magnetization.
2 Single-crystal, thin-film F/AF bilayers, 3, 4 have been studied to reveal EB properties including competing anisotropies, 5, 6 individual spin behaviors, 7, 8 and collective long-range effects. 9, 10 On the other hand, the need for miniaturization further motivates research into nanostructures, which can be achieved by either epitaxial patterning of thin films [11] [12] [13] or chemical synthesis of nanoparticles (NPs). [14] [15] [16] Although plenty of work has been done to explore the EB effect within the respective thin-film or NP morphologies, less has been done to understand the magnetic properties of thin films coupled to NP arrays. 17, 18 Recently, the gap in understanding EB in hybrid thin film and NP systems has been theoretically bridged by an enlightening model for EB. 19 Specifically, the AF layer is viewed as an assembly of almost exchange-decoupled grains, having pinning energy KV, where K is the AF anisotropy energy per unit volume and V is the grain volume. Therefore, hybrid EB bilayers with the AF layer being chemically synthesized NPs may bring new pathways for tailoring their EB properties due to their controllable size and size distribution. Such distribution of grain size further gives rise to the distribution of blocking temperature, T B . The "T B -distribution" technique has been widely used in evaluating thin-film samples [20] [21] [22] [23] [24] but has not been reported in any hybrid bilayers, in which the effect from the grain size distribution may be more significant.
We fabricated CoO-NPs/Fe-film hybrid bilayers with the following recipe: Co NPs (10 nm in diameter and with a narrow size distribution) were chemically synthesized by a thermal decomposition method. 25, 26 Co-NP films, a few layers thick, were obtained by assembling these chemically synthesized Co NPs on clean Si substrates via a controlled solvent evaporation technique. 26 The NP films were then annealed at 400 C under a continuous O 2 flow in a tube furnace for 1.5 h to convert the Co NPs to Co-oxide. Finally, we deposited a 30 nm Fe-film followed by a 5 nm Ta cap, by ion beam sputtering at a base pressure $1 Â 10 À7 Torr on top of the Co-oxide NP film. The surface composition was examined by energy dispersive x-ray spectroscopy (EDS) at each step during the above process. After assembling the NPs, C, O, and Co peaks were co-observed ( Fig. 1(a) ) in which the C peak is due to the chemical residue from the chemical synthesis. After the O-rich annealing, the C peak was significantly reduced (Fig. 1(b) ) primarily due to the conversion of C to CO 2 . On the other hand, Co NPs were fully converted to CoO x due to the large surface-to-volume ratio of the NPs. Finally, after depositing the Fe layer, a strong Fe peak was detected in the EDS spectrum ( Fig. 1(c) ).
Hysteresis loops at various temperatures from 10 to 300 K were measured, and the temperature dependence of the coercivity, H c (T), and the bias field, H eb (T) are summarized in Fig. 2 . Field cooling (FC) from 380 K down to 10 K under a magnetic field, H FC ¼ 10 kOe was first applied to set the EB. Hysteresis loops were then measured on increasing temperature. From the H eb (T) curve, the T B is determined to be $160 K. For T < 160 K, the loops exhibit a negative shift from the origin due to the exchange coupling between Fe and the ordered CoO phase. For T > 160 K (CoO disordered), the loop-shift, instead of vanishing to zero, actually switched to the same direction as H FC , which indicates an unconventional positive EB and its magnitude, H eb $ 8 Oe, remains roughly unchanged above 160 K.
To study the intrinsic AF-grain effect on the T B -distribution, we applied a special measurement as described in Ref. 20 . The sample was initially cooled at H FC ¼ 10 kOe from 380 K down to 10 K. Following the initial FC, T B -distribution in the range of 10 K to 380 K is deduced from the hysteresis loop measurements (Fig. 2(b) ).
The T a -dependent coercivity, H c (T a ) and bias field, H eb (T a ) were subsequently determined from the loops, and are summarized in Fig. 3(b) . H eb (T a ) curve exhibits a strong dependence, with a EB sign change at $150 K and a saturation around 220 K. The derivative of H eb (T a ) vs T a , i.e., dH eb (T a )/dT a , actually represents the T B distribution of the sample. [20] [21] [22] [23] [24] Earlier works on continuous thin-film samples all suggested a bimodal distribution, where two peaks in the dH eb (T a )/dT a curve were observed. 20 However, only the high-T peak is directly related to the grain size distribution, while the sharp increase at low-T is attributed to the spin-glass contribution. The grain size distribution in EB thin-film samples has been systematically revealed in Ref. 19 . Most AF grains are in the size $5-7 nm; and increasing the AF thickness only slightly enhances the grain size. The surface spins of these small grains give rise to high frustration; thus, a gradual freezing of the interfacial frustrated spins can explain the observation of the sharp increase at low-T in the dH eb (T a )/dT a curve.
The T B -distribution of our hybrid bilayer is shown in Fig. 3(b) . Unlike that reported for thin-film samples, the dH eb (T a )/dT a curve indicates a unimodal T B -distribution which reflects the intrinsic grain size distribution of the AF layer. The absence of the low-T peak is likely due to the sample fabrication process. In the previously reported thin-film samples, [20] [21] [22] [23] [24] both the F and AF layers were deposited in situ and also subjected to post thermal annealing at T ! 450 K. The interfacial intermixing is inevitable during the initial establishment (growth) of the interface and also during the post-annealing. In our hybrid samples, the AF layer (NP-film) is fabricated ex situ by NP assembly and oxidation; only the F layer is deposited in a vacuum chamber. As a result, the intermixing between NPs and post-deposited Fe layer is minimized. In addition, the microstructure at the interface also plays an important role in the hybrid samples. Due to the NP-film morphology, the deposited Fe layer would form localized CoO/Fe core-shell-like structures (inset of Fig. 3(a) ). Such morphology has also been confirmed by transmission-electron microscopy observation. 17 Consequently, the magnetic properties are largely determined by the intrinsic size and size distribution of the NPs. Engineering of the NP-films for optimized properties will become an important aspect for such hybrid systems in the future.
We also fabricated a reference sample in which the F and AF layers were both made by in situ physical deposition. The sample structure is CoO(4 nm)/Fe(30 nm)/Ta(5 nm).
Similar measurements were performed and the H eb (T a ) and dH eb (T a )/dT a curves are shown in Fig. 4 . Specifically, the dH eb (T a )/dT a shows a single broad plateau (Fig. 4(b) ), which is the result of the overlap of the high-T and low-T peaks. The high-T peak is related to the AF grain distribution, taking into account not only the grains at the F/AF interface but also in its bulk. The T B -distribution is thus directly related to the grain size distribution. On the other hand, the low-T peak comes from the spin-glass phase, in which the frustrated spins always undergo spin reorganization instead of being set along H FC .
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